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Optimal design and operation of district heating networks require accurate, but simple models to allow
fast simulation. This paper describes the analytical derivation of such a model based on existing work
regarding heat loss and dynamic temperature proﬁle calculations in literature. The most important
addition from this work is the incorporation and investigation of heat transfer from supply to return side
in double pipes, something which is often (over)simpliﬁed in more commonly used models.
The paper presents the mathematical derivations and the assumptions made in detail for the case of
steady-state heat losses in double pipes. The resulting model is carefully examined in a parameter study,
from which a number of interesting conclusions can be drawn. Firstly, the heat losses are found to be
nearly independent of the mass ﬂow rate in the range of mass ﬂow rates usually encountered in thermal
network pipes. The remaining heat loss calculation is simply based on temperature levels and thermal
resistance factors, determined by the pipe dimensions and materials. Furthermore, it is found that heat
losses from supply to return side should be incorporated in the analysis for better accuracy of the results,
even more so with the increasing popularity of twin pipes with common insulation.
© 2017 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fourth generation district heating and cooling networks are
considered as an important technology in the effort towards amore
sustainable and renewable energy system [1]. The installation of
these systems has been deemed beneﬁcial both by academia and
government, see for instance the Heat Roadmap Europe 2050 [2,3]
and the EU Strategy on Heating and Cooling [4,5]. The latter iden-
tiﬁes the potential of supplying 50% of the EU heat demand with
district heating. These systems are characterized by lower and
ﬂuctuating supply temperatures in order to enable the inclusion of
renewable energy systems, waste heat and higher efﬁciency heat-
ing and cooling systems. Overall, the complexity of the thermal
network increases, which calls for detailed pre-studies for design
and high-performing simulation models towards improved control
strategies.oort Genk 8310, 3600 Genk,
e (B. van der Heijde).
, 1000 Brussels, Belgium.
Masson SAS. This is an open accessThe study of heat losses in buried pipes is an important subject
within the research towards the operation and optimization of
thermal networks. As may be seen from the literature study below,
many approaches towards the calculation of the behaviour of
buried pipes have been proposed already, all depending on the
available computation techniques and purpose of the model. This
paper aims at determining the degree of mutual inﬂuence of double
district heating pipes buried underground, and at accurately
calculating the outlet temperatures and heat losses. Therefore, an
analytical solution to the steady-state thermal problem of buried
pipes is proposed, based on existing techniques for heat loss and
temperature propagation calculation in these systems.
The outline of the paper is as follows: ﬁrstly, an overview of
existing literature is presented, summarizing the relevant research
that has inspired this new calculation technique. In the Method-
ology section, the mathematical derivation of the newly proposed
solution is written out. The Result section presents a study
regarding the sensitivity of different parameters in the model, the
outcome of which is analysed and synthesized further in the Dis-
cussion and Conclusion sections.article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
Nomenclature
Subscripts
,a Asymmetrical problem
,s Symmetrical problem
,r Return (Rücklauf)
,v Supply (Vorlauf)
,in Inlet
,out Outlet
,b Boundary/Undisturbed ground
Symbols
A Area (m2)
C Heat capacity per meter (J/(m K))
cp Speciﬁc heat capacity (J/(kg K))
fD Darcy friction coefﬁcient (e)
h Shape factor (e)
k Thermal conductivity (W/(m K))
L Length of the pipes (m)
p Pressure (Pa)
_q Heat ﬂow rate per meter (W/m)
_Q Heat ﬂow rate (W)
R Thermal resistance per meter (Km/W)
S Circumference (m)
T Temperature ( C)
u Speciﬁc internal energy (J/kg)
v Velocity (m/s)
xL Temperature decay factor (e)
r Mass density (kg/m3)
t Time constant (s)
w Temperature ratio (e)
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2.1. Early analytical and experimental work
Modelling the thermal behaviour of pipes in district heating
systems, and in thermal networks in the broader sense, has been
the subject of scientiﬁc studies for a long time already. The work of
Esser and Krischer [6] is counted among the ﬁrst experimental
research towards steady state heat losses in pipes with insulation.
The mathematical description of the heat loss partial differential
equations for a single buried pipe can be found in the work of
Carslaw and Jaeger [7]. The ﬁrst mention of an electrical analogy for
the problem is found in D'Eustachio's work [8], leading to the
treatment of heat problems with equivalent thermal resistance and
capacitance network models. Franz and Grigull [9] described an
experimental set-up which allows the study of the heat loss from
two pipes as an electrical system and thus explicated the electrical
network analogy for the steady state problem in two pipe systems2.2.2. Mathematical derivation of steady-state losses
A more formal derivation of the steady state heat losses for dual
pipe systems is presented by Wallenten [10], who applied the
multipole method to deﬁne a symmetric and asymmetric thermal
resistance based on the pipes' characteristics. This method has been
used earlier to characterise the thermal behaviour of ground heat
exchangers in borehole (underground) thermal energy storage
systems, for example in the work of Eskilson [11], Bennet et al. [12],
Hellstr€om [13] and Claesson and Hellstr€om [14]. Wallenten deﬁned
the steady state heat losses by means of a number of shape factors,
depending on the conﬁguration of the pipe system. The conﬁgu-
ration can consist of single or double pipes, buried underground or
in air, and with separate insulation layers or embedded in a com-
mon insulation tube. This method will be treated in detail in Sec-
tion 3.2.2.3. Operational modelling
The papers described above focus mainly on the description of
the heat losses from a static or steady-state point of view. A more2 The idea was ﬁrst studied by J. Vidal, but this source is irretrievable.operational approach can be found in the work of Benonysson [15],
who developed a novel dynamic model for district heating pipes.
This model differs from the usual ﬁnite volume models in that it
treats the propagation of water at a speciﬁc temperature and the
heat losses separately, while including the thermal capacity of the
pipe. Benonysson clearly distinguishes between the so-called
element model and his new node model. The node model splits
the transport phenomenon in district heating pipes in three parts:
1. the propagation of ﬂuid with a speciﬁc temperature,
2. the thermodynamic behaviour of the pipe due to the pipe wall
heat capacity and
3. the steady state heat loss, based on the instantaneous ﬂuid ve-
locity at the outlet.
The propagation process determines when the inlet temperature
from some point in the past will appear at the outlet, depending on
the length of the pipe and the mean ﬂuid velocity in the pipe. This
step avoids numerical diffusion that otherwise appears in the
element model when the Courant number is not equal or close to
one, see also [16]. The thermodynamic behaviour and steady state
heat loss straightforwardly follow from heat transfer theory.
One important assumption in Benonysson's model is that it is
sufﬁcient to treat each pipe independently from other adjacent
pipes. This was conﬁrmed by Palsson et al. [16], except for the case
of cast concrete pipes. Later, Bøhm and Kristjansson revised this
assumption and deﬁned a mutual heat transfer formulation for
conﬁgurations with double or triple pipes [17]. Further study was
conducted by Dalla Rosa et al. [18] who compared the heat losses in
detailed simulation models with experimental data and analytical
solutions.
Bøhm [19] investigated the dynamic behaviour of buried district
heating pipes under changing environmental conditions. The in-
ﬂuence of the air temperature is translated to an equivalent
boundary temperature at the outermost pipe layer. Comparative
studies between commercial software for district heating and the
nodemodel are presented by Gabrielaitiene et al. [20], [21]. In these
studies, the models were compared with measurement data from
different district heating systems. The differences were small as
long as the temperature changes were slow and limited, and the
variations in mass ﬂow rate were not too high.
The problems of the element model during faster inlet tem-
perature steps and at zero mass ﬂow are recognized by
B. van der Heijde et al. / International Journal of Thermal Sciences 117 (2017) 316e327318Grosswindhager et al. [22]. Their modiﬁed QUICKEST scheme is a
variation of the element model that is modiﬁed so as to better
represent the thermal behaviour during highly dynamic processes.
This modiﬁcation also corrects the erroneous behaviour of the
original QUICKEST scheme at pipe junctions or diameter
discontinuities.
2.4. Plug ﬂow modelling
Van den Bossche [23] simulated different strategies to provide
domestic hot water (DHW) using low temperature thermal net-
works. One of the considered approaches was to increase the
supply temperature for a ﬁxed time frame every day in order to
charge a DHW buffer for the rest of the day. However, when using a
standard element model, the temperatures at the outlet did not
correspond to the expected outcome. Therefore, Van den Bossche
proposed a plug ﬂowmodel3. The heat losses are calculated based on
an equivalent thermal resistance for the pipe and an equivalent
water temperature in the pipe, averaging the two ﬂuid parcels in
the case of plug ﬂow weighted by their volume. However, still this
method does not yield the desired results because of the temper-
ature averaging.
Another analytical solution to the temperature propagation ac-
cording to the plug ﬂow approach was presented by Jie et al. [24].
The solution for a cyclic input temperature with a period of 24 h
was described. The constructed model is applied to a tree-type
network in China and the results are in accordance with mea-
surement data. Dalla Rosa et al. [25] validated the node model
against a FEM/CFD model. Good correspondence between mea-
surement data, the FEM simulation and the node model was found.
Fang and Lahdelma [26] introduced a least-squares approach to
calculate volume ﬂows and heat losses in a tree-like and meshed
networks. This method allows accounting for leakages or in-
consistencies in the network without stopping the model from
functioning. Temperature drops are linearised, as opposed to the
exact exponential calculation presented later in the current study.
Interaction between the supply and return pipe is included in the
total heat loss calculation, but the mutual inﬂuence is disregarded
because of its small inﬂuence. Mixing of multiple streams is
accounted for as well.
A novel application of the plug ﬂow approach can be found in
the study of Oppelt et al. [27]. In this work, a dynamic thermo-
hydraulic model for district cooling networks is presented. The
thermal model for single district cooling pipes follows a Lagrangian
approach, in which ﬂuid segments in the network are tracked. This
model calculates the propagation of temperatures in the pipes as
well as the heat ﬂow to and from the surroundings as well as the
dissipation of pressure losses in the form of heat. Different from the
derivation presented in the Methodology section of this paper, a
linear temperature variation between the front and the back of
each ﬂuid segment is allowed. The model outcome is compared tovðruAÞ
vt|ﬄﬄﬄ{zﬄﬄﬄ}
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þ
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3 This type of modelling stems from chemical process engineering, where orig-
inally the inﬂuence of steps in the supply concentrations was studied by means of
the plug ow representation.reference analytical solutions as well as the outcome of other
models. It was found that the plug ﬂowmodel outperforms most of
the existing models.
2.5. New computation tools
The availability of stronger computation tools and better com-
puters also has its inﬂuence on pipe models. For example Modelica
[28] and Dymola [29] offer new opportunities for the imple-
mentation of more detailed and specialized models. One example
for heat loss models in district heating pipes is shown by Velut and
Tummescheit [30]. They apply a transmission line model to calcu-
late fast dynamics of ﬂuid ﬂows, both regarding pressure and ﬂow
phenomena and temperature dynamics. Similarly, Giraud et al. [31]
present a library for modelling and simulating district heating
systems using the specialized functions that Modelica provides for
calculating delays and solving advection equations. The library of
Giraud also uses a plug ﬂow approach and is able to reduce the
number of equations by almost 97.5%. The numerical result of the
models are not completely in line with a validation experiment, but
in line with results from other commonly used models. The model
is successfully applied to an optimization problem that adapts the
supply temperature in order to minimize the heat losses.
2.6. Conclusion from previous studies
This section has given a summary of the gradual development of
models for district heating pipes, from the basic heat transfer
equations to operational models. It was shown that models that can
handle varying inlet temperatures and ﬂow and temperature
propagation exist, but to the knowledge of the authors, the mutual
inﬂuence of the supply and return pipe has not been addressed
sufﬁciently, certainly in the latest generation of fast and accurate
simulation models. A motive to reconsider this inﬂuence is the
growing popularity of twin pipes in the newest generation of
thermal networks. This paper aims at ﬁlling this gap with an
analytical derivation and parameter study.
3. Methodology
The derivation presented below is based mainly on the steady-
state heat loss calculation method of Wallenten [10] and the inte-
gration of the advection equation over the length of the double pipe
system.
3.1. Energy transport equation
The transport of energy through the pipes and the associated
heat losses to the surroundings are represented by a combination of
the energy and continuity equation [32]:jfDSﬄﬄﬄﬄﬄﬄﬄ}
dissipation
þ v
vx

kA
vT
vx

|ﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄ}
axial heat diffusion
 _qe; (1)where r denotes the mass density, u the speciﬁc internal energy, A
the cross section area of the pipe, v the ﬂow velocity, p the absolute
pressure, x the spatial coordinate along the length of the pipe, t the
time, fD the Darcy friction coefﬁcient, S the pipe circumference, k
the thermal conductivity, T the temperature and _qe the heat losses
Fig. 1. Schematic representation of the types of double pipes considered in this study.
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deﬁned to be positive if heat ﬂows from the pipes to the
surroundings.
The use of the 1D equation, assuming a uniform water tem-
perature in the pipe cross section, can be justiﬁed by evaluating the
Nusselt number for different pipe diameters. In the nominal oper-
ation conditions advised by pipe manufacturers (e.g., IsoPlus [33])
the lowest Nu is found for the narrower pipes and is in the order of
1 102, therefore the temperature gradient in thewater at the pipe
wall is much larger than that from the centre of the pipe to the wall.
Furthermore, the heat transfer coefﬁcient from the water to the
pipe wall can be found to be much larger than that of the pipe wall
to the environment, due to the low conductivity of the insulating
material [34]. This adds to the correctness of the 1D heat transfer
equation. It is assumed that there is no heat transfer in the axial
direction outside the pipe. This is sufﬁciently accurate because of
the low conductivity of ground and insulation and the limited axial
temperature gradients.
Neglecting the diffusive heat transport in the pipe is justiﬁed
when the Peclet number is considerably larger than 1:
Pe ¼ Lv
k

rcp
[1: (2)
This criterion depends on a combination of pipe length and ﬂow
velocity. Since the diffusivity of water is in the order of magnitude
of 1 107m2=s, the product of the ﬂow velocity and the pipe
length should be well over this value. Considering that the
maximum ﬂow velocities will be between 1 and 5 m/s [34] and the
pipe lengths generally encountered in district heating and cooling
are in the range of meters and more, it can be assumed that the
advection will generally predominate over diffusive heat transfer.
During rapid temperature changes, the temperature fronts will of
course be somewhat diluted, but in the rest of the paper, steady
inlet conditions are assumed.
The dissipation of friction losses in the form of heat are
neglected, as is also the case in Refs. [15,31,35,36]. This is less ac-
curate for wider pipes, where the dissipation of the friction losses
can actually offset the heat losses, but nevertheless this is not taken
into account [34].
Lastly, when realizing that water, in the cases studied, can be
assumed incompressible, the variation in internal energy can be
written as a function of the temperature variation using the speciﬁc
heat cp [37].
v

rcpAT

vt
þ v

rcpAvT

vx
¼  _qe (3)
This equation can be recognised as the advection equation with
a source term  _qe. It can be rather straightforwardly solved using
ﬁnite volume methods. But as already mentioned, this can become
rather resource intensive if high accuracy is needed, and the
method introduces discretisation errors, namely numerical diffu-
sion when the Courant number is not equal or close to one.
3.2. Determination of the heat losses per unit length _qe
This section presents the heat losses per unit length as a func-
tion of the temperature in the two pipes at a certain cross section
and the boundary temperature. The steady-state heat losses per
unit length for double pipe systems are calculated by Wallenten
[10]. Depending on the dimensions and material properties, a
number of equivalent thermal resistances between the two pipes
and the pipes and the undisturbed ground temperature respec-
tively can be calculated. The two pipe lay-outs considered are twopipes in separate insulation (single pipes) and two in a common
insulating casing (twin pipes). Both are presented schematically in
Fig. 1.
The heat loss problem is considered as a superposition of two
easier problems: one where the pipes only interact with the sur-
roundings and not with each other, i.e. the symmetrical problem,
and onewhere the pipes only interact with each other and not with
the surroundings, i.e. the asymmetrical problem (see Fig. 2). It can
easily be checked that when the two component problems are
added, the actual situation with supply, return and boundary
temperatures results. Notice that the surrounding temperature of
the asymmetrical problem is in fact 0 C. This should not be
interpreted as an absolute temperature level, but as an offset that is
applied to the symmetrical problem. The temperatures in the
supply and return pipe in the asymmetrical problem are ±Ta, such
that all heat from the supply pipe ﬂows exclusively to the return
pipe (and not to the surroundings, since the net heat ﬂux out of the
supply pipe is equal to that into the return pipe). For the sym-
metrical problem, the opposite is true: all heat ﬂows from the pipes
to the surroundings, no heat is exchanged between the pipes.
Irrespective of the lay-out choices, the heat losses are calculated
as the combination of the symmetrical and asymmetrical heat
transfer problem:
_qs ¼
Ts  Tb
Rs
where Ts ¼ Tv þ Tr2 (4)
_qa ¼
Ta
Ra
where Ta ¼ Tv  Tr2 (5)
_qv ¼ _qs þ _qa (6)
_qr ¼ _qs  _qa (7)
where _q denotes the heat losses per unit length, R the thermal
resistance per unit length (in Km/W) and T the temperature. The
subscript s points to the symmetrical and a to the asymmetrical
heat loss problem; v refers to the supply pipe, r to the return pipe.
For better understanding of (4)e(7), the equations can be repre-
sented graphically in an equivalent thermal resistance model (see
Fig. 3). This model combines the asymmetrical and symmetrical
heat losses in one single ﬁgure.
As to the correctness of the assumption of steady-state heat
losses, it sufﬁces to realise that the product of the thermal capacity
of the material surrounding the pipe and the temperature varia-
tions of this material is negligible with respect to the energy change
of the water that ﬂows in the pipes [15]. In a later step, the effect of
the wall and insulation capacity may be added for accuracy, but its
Fig. 2. Components of the heat loss problem.
Fig. 3. Equivalent resistance model.
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Realising that the axial diffusion in the studied problem is
negligible (see section 3.1), the temperature change of a speciﬁc
parcel of ﬂuidmainly depends on its initial temperature at the inlet,
the temperature of the surroundings, i.e. the temperatures in the
opposite pipe and the undisturbed ground temperature, and on the
time that it remains in the pipe. The degree of mutual inﬂuence of
the supply and return pipe depends on the proximity and lay-out of
the pipe system. As mentioned earlier, the lay-out only affects the
values of the resistances in the heat loss equations, and hence does
not inﬂuence the mathematical formulation of the solution.
In existing networks, mostly pipe systems with equal diameters
for supply and return are encountered. Usually the mass ﬂows in
the supply and return line are equal and opposite in each networkTvðxÞ¼xðxÞ

RsþRa2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p 
Tv;inTb
xLðRsRaÞTr;inTb
x2L

RsþRaþ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p RsþRa2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRsRap  þx
TrðxÞ¼xðxÞ
ðRsRaÞ

Tv;inTb
xLRsþRaþ2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRsRap Tr;inTb
x2L

RsRaþ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p RsþRa2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRsRap  þxsegment. This casewill be referred to as cross ﬂow. Parallel ﬂow can
occur as well, typically in ring-type networks [38,39]. However, in
this type of district heating systems the mass ﬂow rates for supply
and return may differ in the same cross section; hence, the di-
ameters of supply and return side may differ as well to minimise
pumping power. Due to these additional variables, the parallel ﬂow
case requires a different solution, so only the cross ﬂow lay-out is
considered in the rest of the paper.
To calculate the temperature proﬁle in both pipes, the energy
balance equation (3) is completed with an expression for the
temperature-dependent heat losses (see Fig. 3). This equation must
be transformed from a PDE to an ODE to solve analytically, therefore
the assumption of a steady-state solution must be made. The dy-
namic behaviour can be represented additionally by changing the
inlet temperature accordingly. Additionally, a constant velocity v is
assumed. It will be seen that the velocity does in general not have a
large inﬂuence on the result, hence this assumption is valid. Finally,
the undisturbed ground temperature Tb is constant under the
steady-state assumption. Also for dynamic cases, the change of the
soil temperature is expected to be considerably slower than the
changes of temperatures in the pipe and hence their dynamics can
be neglected.
Recognising that this yields two equations (for supply and re-
turn side), the following system of ordinary differential equations
can be constructed:
8>><
>>:
Cv vTv
vx
¼ Tv

Ra þ Rs
2RsRa

þ Tr

Ra  Rs
2RsRa

 Tb
Rs
CðvÞ vTr
vx
¼ Tr

Ra þ Rs
2RsRa

þ Tv

Ra  Rs
2RsRa

 Tb
Rs
(8)
Notice the negative sign of the velocity in the return pipe
equation. Since v is assumed to be positive when the ﬂow in the
supply pipe proceeds in the positive x direction, the minus sign is
needed to account for the opposite ﬂow direction in the return
pipe. If the ﬂow reverses, this leads to a negative value of v. For
reversing ﬂow, the inlet and outlet (see next section) must be
interchanged as well.3.4. Temperature proﬁle along the pipe and determination of
temperature change
This system of equation (8) can be integrated between x ¼ 0 and
x ¼ L (length of the pipe ensemble), involving a somewhat tedious
derivation. By imposing inlet conditions on the supply and return
pipe (Tvðx ¼ 0Þ ¼ Tv;in and Trðx ¼ LÞ ¼ Tr;in), the temperature proﬁle
for both pipes as a function of the axial position can be found:ðxÞx
2
L

RsþRaþ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p 
Tv;inTb
xLðRsRaÞTr;inTb
x2L

RsþRaþ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p RsþRa2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRsRap  þTb
(9)
ðxÞx
2
L ðRsRaÞ

Tv;inTb
xLRsþRa2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRsRap Tr;inTb
x2L

RsRaþ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p RsþRa2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRsRap  þTb
(10)
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condense the expressions somewhat 4:
xðxÞ ¼ exp

x
vC
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p

(11)
and
xL ¼ exp

L
vC
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p

(12)
To know the outlet temperature of the supply and return pipe,
the expression for Tv is evaluated at x ¼ L and for Tr at x ¼ 0:
TvðLÞ ¼
4xL
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RaRs
p 
Tv;in  Tb
þ 	x2L  1


ðRs  RaÞ

Tr;in  Tb

x2L

Rs þ Ra þ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p  Rs þ Ra  2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRsRap  þ Tb
(13)
Trð0Þ ¼
4xL
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RaRs
p 
Tr;in  Tb
þ 	x2L  1


ðRs  RaÞ

Tv;in  Tb

x2L

Rs þ Ra þ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p  Rs þ Ra  2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRsRap 
þ Tb
(14)
(13) and (14) show that, as expected, the temperature change
depends on the boundary temperatures, the insulation and di-
mensions of the pipe and the delay time. This last parameter ap-
pears in the ratio of the length of the pipe and the ﬂuid velocity.
From this ratio, it follows that for large enough ﬂuid velocities, the
solution becomes approximately independent of changes in the
velocity.
A parallel between the time constant of a dynamical heat
transfer problem and the denominator in the argument of the
exponential terms can be recognized, after substituting or L=v by
the time delay. Since the equations in system (8) are of second
order, there are two characteristic solutions. In this problem, the
roots are opposite but equal in absolute value (see xðxÞ and xðxÞ).
In this equivalent “time” constant C
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p
(since the solution as-
sumes a steady state, the time refers rather to the time delay,
changing with the ﬂow velocity), two contributions can be recog-
nized: the “time” constant of the asymmetrical (15) and that of the
symmetrical problem (16), averaged geometrically in (17). This ﬁnal
equation can be found in (11) and (12).
ta ¼ RaC (15)
ts ¼ RsC (16)
t ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃtatsp ¼ C ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRsRap (17)3.5. Implementation of heat loss model
The equations derived in the previous section can be imple-
mented in an equation-based modelling language such as Mod-
elica. The requirement is that the language can solve an advection
equation in order to model the propagation of water of a speciﬁc
temperature through the pipes. Modelica offers the spa-
tialDistribution() function for this. The advective transport is
treated separately from the heat losses, which are applied at the4 Note that x(x) ¼ 1/x(x) due to the exponential expression.exit of the pipe, taking into account the temperature boundary
conditions and the transport delay. A third independent phenom-
enon that can be included is the capacity of the pipe wall and
insulation. Hence, the steady-state solution can be applied for
varying inlet temperatures, too.
An implementation of the model can be found in the IEA-EBC
Annex 60 Modelica library for buildings and community energy
systems (for a general description of this library, see Ref. [40]). Of
course, the use of Modelica or even equation-based languages is not
a requirement. These equations can be implemented in any pro-
gramme that is able to represent the advection in an adequate way.
Since this paper focuses on the steady-state solution, the solu-
tion from 3.4 is implemented in Python for further parameter
study.4. Results
This section describes the results that follow from the deriva-
tions presented in the Method section (3, equations (13) and (14)).
The focus lies on determining the factors that inﬂuence heat losses
in double pipe lay-outs. The parameters that are considered in this
study are: mass ﬂow rate, pipe diameter, and temperature levels in
supply and return. The pipe length is not studied since it is a trivial
result that increasing the length will increase heat losses
proportionally.
All dimensions and materials for the calculation of the heat
transfer parameters are derived from the IsoPlus catalogues [33].
For separately insulated pipe systems, the minimal installation
distance stipulated by the producer is respected. Hence, the mutual
inﬂuence between supply and return as presented in this paper
serves as a worst-case scenario to be expected from correctly
installed pipes.4.1. Inﬂuence of mass ﬂow rate on heat losses
Fig. 4 shows the outlet temperatures for a twin pipe system in
common insulation (see Fig. 1b) together with the inlet tempera-
ture (solid lines). The inlet temperature of the supply side is 60C, at
the return side it is 30C. The undisturbed ground temperature is
5C. The pipes have a length of 1 km. The pipes have a diameter of
DN50 (50 mm) and are buried 2 m underground.
From Fig. 4, it is clear that for high enough mass ﬂow rates (for
this example, _m>3 kg/s or Dt <11 min), the outlet temperature is
approximately equal to the inlet temperature, at least for this DN50Fig. 4. Outlet temperature of DN50 double pipe (common insulation) of 1 km as a
function of mass ﬂow rate. The grey area denotes the economic mass ﬂow rate range as
suggested by IsoPlus [33].
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rate for a DN50 pipe is actually below this limit. Notice however
that such narrow pipes will usually not be installed to transport
heat over such large distance. The smaller value of L in the expo-
nential term in (13) and (14) will make sure that the outlet tem-
perature approaches the inlet temperatures much closer at lower
mass ﬂow rates. A further discussion of the inﬂuence of the mass
ﬂow rate for different pipe diameters can be found in section 4.3.
In other words, the temperature drop is negligible and the
steady-state heat losses per length of Wallenten can be applied
along the pipe. Only for very small mass ﬂow rates (where xL[1),
the outlet temperature starts to drop at the supply side. At the
return side, the drop is less outspoken because of the heat that it
receives from the supply side.
The heat losses from supply and return side for the entire pipe
length can be calculated as follows:
_Q v ¼ _mcp$

Tv;in  Tv;out

and (18)
_Qr ¼ _mcp$

Tr;in  Tr;out

; (19)
where Tr;out and Tv;out are calculated as in (13) and (14). These heat
losses are shown in Fig. 5 as blue and red dots for respectively the
return and supply pipe. The dashed line shows the sum of these
losses, hence the total losses for the entire pipe system. Alterna-
tively, the heat losses can be calculated by multiplying the heat
losses from (6) and (7) with the pipe length L, resulting in _Q v;Wall
and _Qr;Wall from Fig. 5.
It is clear from Fig. 5 that the heat losses as calculated from the
actual temperatures at the in- and outlets and the mass ﬂow rates
are nearly the same as those calculated using the steady state losses
from Wallenten. Furthermore, the heat losses are nearly indepen-
dent of the mass ﬂow rate for high enough mass ﬂow rates (see
above).
Comparing Figs. 4 and 5 closely, it may seem contradictory how
the outlet temperature and the heat losses of the return pipe evolve
in the opposite direction for low mass ﬂow rates. This relative in-
crease is caused by the heat that is transferred from the hot pipe to
the cold pipe, and subsequently dissipated to the environment. If
the return temperature were even lower, this becomes evident
since the heat losses for the return pipe are negative. However, for
mass ﬂow rates close to zero, the heat losses are limited by the totalFig. 5. Heat losses of DN50 double pipe (common insulation) of 1 km as a function of
the mass ﬂow rate. The grey area denotes the economic mass ﬂow rate range as
suggested by IsoPlus [33].heat actually supplied to the pipe (calculated as _mcpðTv;in  Tr;outÞ).
In the transition region between the intuitive region (heat losses for
both pipes positive and monotonously increasing with mass ﬂow)
and the region where the return losses are negative, this transition
with non-monotonous heat losses as a function of the mass ﬂow
rate appears. For even lower mass ﬂow rates, the heat losses for
both sides approach zero.
4.2. Inﬂuence of pipe dimensions and temperatures
In the previous section, it has been shown that for high enough
mass ﬂow rates, the heat losses may be treated as a constant value,
at least with respect to the mass ﬂow rate. The value of the heat
losses can be approximated using the simple formulas proposed by
Wallenten (4)e(7). In this section, other inﬂuences on the heat
losses are studied, more precisely the inﬂuence of the temperature
levels in the pipes and the dimensions.
Revisiting the expressions for the steady state heat losses as
deﬁned by Wallenten, the importance of the asymmetrical heat
losses with respect to the symmetrical losses can be determined as
follows: the total heat losses ( _qv þ _qr ¼ 2 _qs) are independent of the
asymmetrical heat loss problem, not inﬂuenced by the degree of
mutual interaction between supply and return. Hence, it can be
derived that the ratio of heat transfer from the supply to the return
side is proportional to the ratio of _qa= _qs, omitting constant factors:
_qa
_qs
¼ Ta
Ts
Rs
Ra
f
Tv  Tr
Tv þ Tr  2Tb
ha
hs
; (20)
the terms ha and hs are the so-called shape factors and they can be
calculated as described by Wallenten [10]. They inﬂuence the
resistance of both the symmetrical and asymmetrical problem ac-
cording to the following expression:
R ¼ 1
2pkh
; (21)
where k can be (depending on the case) the thermal conductivity of
the insulation material or the ground. The value itself is assumed to
be constant and homogeneous and is omitted from the scale
analysis. The shape factor depends purely on the pipes' geometry.
From (20) it is clear that the mutual inﬂuence of the two pipes on
each other is a function of the temperatures at the inlet and the
boundary of the pipe system and of its geometry.
The inﬂuence of the pipe geometry is displayed in Fig. 6. OfFig. 6. Evolution of ha=hs -ratio for different pipe sizes and for separate insulation
(pipes at minimal installation distance) and common insulation.
Fig. 8. Comparison of the temperature ratio inﬂuence for different supply tempera-
tures and three temperature differences between supply and return side. The
boundary temperature Tb is ﬁxed at 5C.
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the sensitivity with respect to all geometric parameters (e.g. buried
depth, distance between the pipes, wall thickness, insulation
thickness), the evolution for different pipes within the diameter
range DN20 to DN200 is displayed. The pipes considered are taken
from the IsoPlus catalogue [33]. The twin pipes are standard pipes,
the single pipes are 1x reinforced (thicker materials and hence
better insulating properties than the standard single pipes).
Although there is some variation in the ratio, it is clear that
within the two product ranges (twin pipes and separate pipes) the
ratio remains in a narrow range for different diameters. This is
undeniably a design choice, but this means that for this type of
pipes the mutual inﬂuence for the same pipe lay-out remains
approximately the same.
It is however clear that the heat ratio _qa= _qs for the same tem-
perature levels will be signiﬁcantly higher for twin pipes than for
separately insulated pipes. This does not imply that the twin pipes
are less efﬁcient, since the total heat losses ð _qv þ _qrÞ aremuch lower
for the twin pipe layout than for the separately insulated pipes. This
effect is illustrated in Fig. 7 for the same temperatures as in Figs. 4
and 5 (Tv ¼ 60C; Tr ¼ 30C; and Tb ¼ 5C).
The second group of parameters that inﬂuences the mutual
interaction of the pipes is, as seen in (20), that of the inlet and
boundary temperatures. This factor will be represented by the
temperature ratio w, deﬁned as follows:
w ¼ Tv  Tr
Tv þ Tr  2Tb
(22)
In the numerator of w, the temperature difference between
supply and return appears. This corresponds to the intuition that
the amount of heat that ﬂows from the supply to the return side is
larger for a higher temperature difference than that for a small
difference (with exactly 0Wof heat transfer for equal temperatures
at the two sides).
In the denominator of w, we ﬁnd the sum of the two pipe
temperatures. From this value, the double boundary temperature is
subtracted. As such, this term can be regarded as the difference
between the average temperature and the surroundings multiplied
by two. Again, this could be expected intuitively: the higher the
average pipe temperature is with respect to the ground tempera-
ture, the more heat is lost and the smaller the net inﬂuence of the
mutual heat exchange between the pipes. On the other hand, whenFig. 7. Comparison between supply, return and total heat losses for separately insu-
lated and twin pipes for different diameters for 1 km pipe length.
Note:The pipes considered are taken from the IsoPlus catalogue [33]. The twin pipes
are standard pipes, the single pipes are 1x reinforced.the average temperature of the pipes is the same as that of its
surroundings, no heat is lost from the ensemble of the pipes, but
instead all heat transfer will be from the hot to the cold pipe. In this
case, the heat ratio is a division by zero. Indeed, when the total heat
loss is zero, the importance of the mutual heat transfer becomes
undeﬁned.
The evolution of the temperature ratio w for variations of the
temperature difference and of the supply temperature are shown in
Fig. 8. Here, it is clear that the mutual inﬂuence, quantiﬁed by the
temperature ratio w, indeed decreases for increasing supply (or by
proxy, average) temperature levels. At the same time, the mutual
inﬂuence becomes more pronounced for higher temperature dif-
ferences between supply and return. Given the trend towards lower
network temperatures and increasedDT , it seems important to take
the mutual inﬂuence into account.4.3. Inﬂuence of mass ﬂow rate for different pipe diameters
Fig. 9 is a combination of the analyses performed in the previous
sections. In the ﬁrst place, it shows the heat losses as calculatedFig. 9. Comparison of inﬂuence of mass ﬂow rate and pipe diameter on the heat losses
for single and twin pipes. The lines show the heat losses as calculated with Wallenten's
method.
Note: the squares (heat loss i.f.o. mass ﬂow rate for twin pipes) have been offset slightly
horizontally in order to be able to distinguish them better from the circles.
Fig. 10. Evolution of the inverse shape factor (h1) for separate pipes and twin pipes as
a function of the pipe diameter. Calculation following Wallenten's method [10] with
measurements from the IsoPlus catalogue [33].
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from the previous analyses (solid and dotted lines for separate and
twin pipes respectively). Furthermore, the squares and circles show
the variation in heat losses for a range of ﬂuid velocities between
0.1m/s and 10m/s5, for the twin and single pipes respectively. Fig. 9
shows that the range due to varying velocity for the supply side is
more or less the same for single and twin pipes. At the return side
though, the losses for the twin pipe conﬁguration seem to be less
inﬂuenced by the ﬂow velocity (or equivalently, themass ﬂow rate).
Furthermore, it is noteworthy that for both conﬁgurations, the in-
ﬂuence of ﬂow velocity on the heat losses diminishes with
increasing pipe diameter.
This can be appreciated rewriting (13) and (14) by substituting v
with _m=ðArÞ. Furthermore, with C ¼ Arcp it is found that the
argument of the exponential xL can be replaced by L=ð _mcp
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RsRa
p Þ.
This expression is largely independent of the pipe diameter, except
for the slight decrease of the resistances Rs and Ra with the pipe
diameter (see Fig. 10; the resistance scales linearly with the inverse
shape factor). At the same time, the “economic mass ﬂow rate
range” increases quadratically with the diameter (Fig. 11).
Considering that the rest of the argument of xL stays approxi-
mately the same, as well as the rest of the solutions, it can be seen
that for different diameters, more or less the same outlet temper-
ature as a function of themass ﬂow rate can be used, except that the
working range will shift towards higher mass ﬂow rates for higher
diameters. This is illustrated in Fig. 126. The difference of the outlet
temperatures with respect to the inlet temperatures is actually
smaller for narrower pipes, due to larger values of R.
Because of the higher mass ﬂow rates in larger pipes, the de-
viation from the heat losses as calculated with Wallenten's method
will decrease for bigger pipes. For the smaller pipes (DN20eDN50),
the error is larger. However, these smaller diameters are, as
mentioned earlier, usually only installed for shorter branches.
Hence, the temperature difference between inlet and outlet de-
creases again such that the model is accurate for the expected mass
ﬂow rate range.Fig. 11. Advised mass ﬂow rate range per pipe diameter according to IsoPlus [33].
Fig. 12. Variation of the supply and return outlet temperature as a function of the mass
ﬂow rate for different pipe diameters. Values for Tv;in ¼ 60+C; Tr;in ¼ 30+C; Tb ¼ 5+C
and a pipe length of 1 km.4.4. Veriﬁcation of heat losses
In this section, the heat losses calculated with Wallenten's
method, found to be the approximately correct value over a large
range of mass ﬂow rates, are compared with values given in the
IsoPlus catalogue [33]. The IsoPlus catalogues for double pipes
stipulate the heat losses per unit length of pipes for several average
temperature differences. This is similar to the treatment of temper-
atures inWallenten's method, where the total losses depend on the
average temperature of supply and return, compared to the ground
temperature; this temperature is referred to as
TM ¼
Tv þ Tr
2
 Tb: (23)
For this comparison, an average temperature difference TM of
80 K has been chosen. For the regime used in the earlier examples
in this paper, TM would amount to 60þ302  5 ¼ 40 K. However, heat
losses for this TM were not provided by IsoPlus. Furthermore, the
buried depth of the pipes is 0.8 m in this case, whereas for the other
analyses in this paper a value of 2 m has been used.
Fig.13 plots the differences between the IsoPlus catalogue losses
and those calculated using Wallenten's method. The grey band5 The velocities are equidistant on a logarithmic scale.
6 The actual outlet temperatures in this ﬁgure are not so important as the
visualization of the similarity of the results for different diameters.represents a ±5% interval around the catalog data. For pipes above
DN50, the heat losses as calculated by this paper lie within the 5%
band. For the lower pipe diameters, the calculation is further off,
Fig. 13. Comparison of total heat losses from the IsoPlus catalogue [33] for TM ¼ 80 K
and using Wallenten's method (Tv ¼ 90+C, Tr ¼ 70+C and Tb ¼ 0+C) for a pipe length of
1 km. The grey bands show a ±5% interval around the catalog data.
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lation methods or measurements at IsoPlus are not known and this
may explain the slight differences that are present. IsoPlus does not
supply a measure of accuracy for their values.4.5. Comparison of separately insulated pipes modelled jointly and
separately
In this subsection, the inﬂuence of (not) taking the mutual heat
transfer into account is established. Fig. 14 shows the heat losses for
a kilometre of pipes with separate insulation. The losses have been
calculated twice: once with the assumption of no interaction be-
tween the pipes (as mentioned in Refs. [15,16]), and once with the
coupled method derived in this paper.
For the solution without coupling, the calculation of the heat
losses is limited to that of a cylindrical insulation between the
actual pipe temperature (different value for supply and return) and
the undisturbed ground temperature Tb. Indeed, the heat loss for a
single buried pipe with cylindrical insulation is also described by
Wallenten [10]. This calculation boils down to a cylindrical thermal
resistance with a correction factor to account for the fact that theFig. 14. Comparison of separately insulated pipes, modelled independently and with the co
solution as reference) are shown in the lower graph.pipe is buried in the ground. In Fig. 14, these heat losses as a
function of the pipe diameter (using the minimum installation
distance as advised by the producer) are shown in the two dotted
lines, again using the 60=30C regime and pipes of 1 km. These heat
losses are calculated for a high enough mass ﬂow rate (such that
xLz0, _m>3 kg/s for the DN50 pipe of 1 km), such that the heat loss
per unit length can simply be calculated using the steady-state heat
loss equation for a single pipe.
The solid lines represent the heat losses using Wallenten's
equations for the coupled problem. The discrepancy between the
heat losses for the two solution strategies is clear and illustrates the
necessity of accounting for the mutual inﬂuence of the supply and
return side of the pipes.
In the lower part of Fig.14, the relative difference in the heat loss
is visualized. The largest difference appears in the return pipe,
where a value of up to 10% is encountered. For the supply pipe, the
relative and absolute difference are smaller.
For twin pipes, it is impossible to separate the behaviour of the
supply and return pipe. Trying to do so involves using eccentrically
positioned cylindrical thermal resistances. However, since both of
them occupy the same space, it hardly makes sense to treat them
separately. Therefore, this comparison is not treated in further
detail here. The authors believe it is sufﬁcient to realise that the
mutual inﬂuence is larger in twin pipes than in single pipes, so
since it was concluded earlier that accuracy may be improved in
single pipes by accounting for the mutual heat transfer, this must
certainly be the case for twin pipes.
5. Discussion
It has been shown that the inﬂuence of themass ﬂow rate on the
actual temperature drop is rather low. Only for very low ﬂuid ve-
locities the temperature drop increases, in particular for the pipe
with the largest temperature difference with regard to the sur-
roundings. On the other hand, it can be veriﬁed that the relative
importance of the heat losses with respect to the effectively
transmitted heat, although not much different in absolute value,
increases greatly in these lowmass ﬂow rate regimes. It can thus be
argued that the regime with low mass ﬂow rates will be less rele-
vant to the normal application range of the model because of the
high proportional losses, although the analytic solution will still be
valid.
Since the model will mostly be used in regimes where theupled equations for a pipe length of 1 km. The relative differences (with the coupled
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may be linearised with respect to the mass ﬂow rate for a speciﬁc
temperature regime. In other words, the heat losses can be
assumed to be a function of the pipe geometry and the temperature
levels at the supply and return side only. Particularly with regard to
design and operational optimization problems, this is a very
interesting result, since heat losses can be treated as a function of
the pipe dimensions and the temperature levels only.
6. Conclusion
In this paper, the mathematical derivation of the steady-state
heat losses and temperature changes for double thermal network
pipes has been presented. Based on the work of Wallenten [10] and
Benonysson [15], the derivation is aimed at correctly integrating
the heat losses along the pipes such that an accurate steady-state
temperature proﬁle can be obtained.
A parameter analysis of the model has shown that the heat
losses are nearly independent of the mass ﬂow rate, except for
relatively low mass ﬂow rates. The exact boundary depends on the
length and diameter of the pipes. The inﬂuence of the mass ﬂow
rate at low values on the heat losses even decreases with increasing
pipe diameters.
Furthermore, the inﬂuence of the temperature levels and pipe
dimensions on the importance of heat losses from the supply pipe
to the return pipe has been investigated. It is concluded that for the
speciﬁc pipe dimensions of one producer, the diameter is of little
inﬂuence, but the temperatures are an important factor. The total
heat losses calculated with the model developed have been found
to be in accordance with nominal heat loss values provided by the
producer.
Finally, incorporating the mutual inﬂuence of supply and return
side leads to higher accuracy in the heat loss calculations, even
more so for the case of lower average network temperatures.
Together with the analytical derivation that the heat losses can be
assumed independent of the mass ﬂow rate, this is an interesting
result for further research towards the optimal design and opera-
tion of thermal networks.
As an outlook towards further research, the proposed solution
could be implemented in a dynamic model. The accuracy could be
checked either with detailed simulations in CFD/FEM software, or
by employing an experimental setup. Furthermore, the potential of
the linearised heat loss equations should be checked in design and
operational optimization problems for thermal networks.
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